Introduction
Microsatellites are tandem repeats of short nucleotide sequence motifs. They have been enthusiastically adopted in the past decade for linkage and population genetic studies because their high polymorphism (Litt and Luty 1989; Tautz 1989; Weber and May 1989 ) is believed to resolve population structure better than allozymes (Bowcock et al. 1994; Blouin et al. 1996; Estoup et al. 1996; Jarne and Lagoda 1996) . Although these highly variable loci are certainly a boon for individual assignment, pedigree, or parentage analysis, as well as for mapping studies, their use in classical analysis of population genetic structure has shortcomings. Hedrick (1999) showed that estimates of population differentiation may be erroneously low because microsatellite loci have high within-population heterozygosity or may be inflated because of recent reductions in population size. Additionally, a statistically significant result regarding differences in allele frequency between populations may not reflect biological significance because statistical power is often high for hypervariable loci (Hedrick 1999) . Queney et al. (2001) reported that population level inference based on microsatellite genetic variation is also affected by time and space. Their nine microsatellite loci vastly underestimated the divergence between the main groups of European rabbit (Oryctolagus cuniculus) populations in Iberia, although they correctly identified the more recent colonization of France by O. cuniculus.
Microsatellites are thought to mutate predominantly by slippage of DNA polymerase during replication, which generally results in gains or losses of single repeat units, depending on the DNA strand in which the slippage occurs (Levinson and Gutman 1987b; Schlötterer and Tautz 1992; Weber and Wong 1993; Primmer et al. 1996; Wierdl, Dominska, and Petes 1997) . The mutation mechanism for microsatellites appears consistent with the theoretical stepwise mutation model (SMM; Kimura and Ohta 1978) in which mutations are additions or subtractions of repeat units in the case of microsatellites. Convergent or recurrent types of mutations, although a fundamental part of SMM, are not consistent with the standard infinite alleles model (IAM, Kimura and Crow 1964) , which assumes that every mutation that occurs within a population creates a unique allele. A slippage mechanism of mutation, which may occur commonly only in microsatellites because of their molecular structure, clearly has implications for inferences based on population phenotypic diversity because alleles can return to previous allele sizes or states, retarding the separation of allele frequency profiles between populations.
If microsatellites evolve in a stepwise fashion, convergence of unrelated alleles to a common size, size homoplasy, should be common at these loci, yet homoplasy has rarely been observed within populations (Estoup et al. 1995; Garza and Freimer 1996; Grimaldi and Crouau-Roy 1997; Culver, Menotti-Raymond, and O'Brien 2001) . Homoplasy should also obscure the actual genetic distance between populations (Goldstein et al. 1995) . This creates a paradox: microsatellites are useful because they are polymorphic, yet their mechanism of mutation obscures population differentiation by increasing homoplasy. Nevertheless, microsatellites do produce information generally concordant with other marker types, which suggests that homoplasy does not obscure differentiation of allelic frequencies. For example, microsatellites reliably discriminate the five major stocks of chinook salmon (Oncorhynchus tschawytscha) in California's Central Valley (Banks et al. 2000) and corroborate information provided by allozymes (Bartley et al. 1992; G. Winans and D. Teal, personal communication) , mtDNA (Nielsen et al. 1994) , and MHC class-II B (Kim, Parker, and Hedrick 1999; Hedgecock et al. 2001) .
A substantial proportion of the power to discriminate California's chinook populations comes from the Ots-2 locus, a simple dinucleotide microsatellite [CA] with confirmed disomic, Mendelian inheritance (Banks et al. 1999) . Of the 10 microsatellite loci surveyed in that study, the Ots-2 microsatellite exhibits the greatest allele-frequency divergence among chinook salmon populations in the Central Valley of California (Banks et al. 2000) . The Sacramento River winter-run chinook, listed under state and federal laws as endangered (NMFS 1994) , has a high frequency of the 7-repeat allele at the Ots-2 microsatellite, making it genetically more distinct from the other Californian populations. We sought to resolve the paradox of how microsatellites reveal population structure by sequencing nonrepeat regions flanking the microsatellite repeat regions of the Ots-2 locus, thereby placing the changes occurring at a putatively rapidly mutating microsatellite locus in the evolutionary context of its more slowly evolving flanking sequence. Point mutations are of the order of 10 Ϫ9 to 10 Ϫ10 events per locus per generation (Li and Graur 1991, pp. 69-73) , several orders of magnitude less than the mutation rate estimates for microsatellites, which lie between 10 Ϫ2 and 10 Ϫ5 events per locus per generation (Levinson and Gutman 1987a; Henderson and Petes 1992; Weber and Wong 1993) . Banks et al. (1999) estimated the mutation rate for the Ots-2 microsatellite at 10 Ϫ4 events per locus per generation. The flanking sequence haplotype in which each microsatellite allele is embedded can be used to determine the historical relationship among microsatellite alleles, and specifically for the pure repeat Ots-2 locus, required for constructing genealogies. In previous studies, homoplasy has largely been characterized by differences in the composition of complex repeat arrays (Estoup et al. 1995; Garza and Freimer 1996; Grimaldi and Crouau-Roy 1997; Angers, Estoup, and Jarne 2000) . In this study, if two microsatellite alleles of the same size differ at one or more flanking nucleotides, we assume that these alleles are homoplaseous, having converged by stepwise mutation to a common repeat number along separate flanking sequence lineages.
For multiple chinook populations, the Ots-2 tandem repeat array and 300 bp of associated flanking sequence were isolated for individual alleles. The sequence flanking the microsatellite repeat contains polymorphisms; hence, the sequence information for a chromosomal haplotype contains two loci: the tandem repeat and the flanking sequence with its complement of flanking single nucleotide polymorphisms (SNPs). In this study we compare the observed flanking sequence variation and the distribution of microsatellite repeats at the Ots-2 locus.
Materials and Methods

Population Samples
Three populations from the Central Valley of California were studied: winter, fall, and spring runs. Individuals used in this study are a subset of those studied by Banks et al. (2000) . Winter-run samples were from wild-caught individuals used as broodstock in the United States Fisheries and Wildlife Service Coleman National Fish Hatchery (CNFH). Individuals collected from 1991 through 1995 were used. Additional winterrun samples were also obtained from CNFH in 1998. Fall-run samples were also obtained from individuals used as broodstock at the CNFH. Fall samples comprised individuals collected from 1993 and 1994. Genotype frequencies within hatchery samples conform to random mating expectations and the populations show no evidence of relatedness (Banks et al. 2000) . Spring samples are from the California Department of Fish and Game collections of wild individuals from Deer Creek, during 1996 -1998 , and Mill Creek, during 1995 and 1998 . An ''outgroup'' of chinook salmon from the Quesnel River is from a 1996 collection of wild individuals supplied by the Canadian Department of Fisheries and Oceans. DNA was extracted from all samples, as described by Banks et al. (1999 Banks et al. ( , 2000 .
Primer Development and PCR
We developed a new primer based on the sequence of the genomic DNA clone from which Ots-2 was originally developed (Banks et al. 1999) . The new primer, 2A(2)-R, 5Ј-GTC AGG AGT AAC TTT AT-3Ј, replaced the original primer Ots-2-R and was used in combination with the previously described PCR primer, Ots-2-L, 5Ј-ACA CCT CAC ACT TAG A-3Ј (Banks et al. 1999) to amplify a fragment encompassing as much known flanking sequence as possible (GenBank accession #AF107030). The program Oligo 4.0 was used to select the exact primer sequence (Applied Biosystems). The new PCR primer, 2A(2)-R, and the original primer, Ots-2-L, amplified a fragment containing the microsatellite and 300 bp of flanking sequence. The PCR components for this locus were 1.0 mM MgCl 2 , 0.05 mM dNTPs, 1.0 M PCR primer, 0.025 U/l Taq (Promega), and 50 ng template DNA. Temperature and cycling parameters were denaturing at 94ЊC for 30 s, annealing at 45ЊC for 15 s, and extension at 72ЊC for 20 s, repeated for 35 cycles on a tetrad thermocycler (MJ Research). Amplified fragments were separated by electrophoresis on 8% denaturing polyacrylamide gel, and fluorescently endlabeled amplicons were visualized using the FMBIO II imaging system (Hitachi Software Engineering America Ltd.).
Evaluation of Flanking Haplotypes
Two methods were used to isolate haplotypes for sequencing purposes: subcloning and gel isolation. Because homozygous individuals were common, haplotypes were isolated predominantly by subcloning (95%), although some haplotypes were obtained through gel isolation (5%). Cloning of alleles was completed as described subsequently. PCR-amplified fragments were run onto a 2% agarose gel. Bands, visualized using ethidium bromide, were excised from the gel. DNA was recovered from the agarose and purified using QIAQuick purification columns (Qiagen). Purified DNA was cloned using the TOPO TA cloning kit (Invitrogen). For each subclone, a minimum of six minipreps was performed. Plasmid DNA was isolated using either standard protocols (Sambrook, Fritsch, and Maniatis 1989, FIG. 1.-Schematic of a haplotype comprising a microsatellite tandem repeat and a collection of flanking polymorphisms, two SNPs and one insertion-deletion. Cytosine (C), Thymine (T), indel (*), Guanine (G).
pp. 1.23-1.28) or the Qiaprep kit (Qiagen). We sequenced cloned DNA using either the fmol cycle sequencing kit (Promega) and fluorescently end-labeled primers or templates were sent to Davis Sequencing (Davis, CA). Gel isolation of haplotypes was also accomplished for a small number of individuals. PCR-amplified fragments were separated on 8% denaturing polyacrylamide gel and stained with SYBR Gold nucleic acid stain (Molecular Probes). Stained fragments were visualized using the fluorescent imager. By aligning reference lines drawn on the gel plate with the gel image, individual bands were located in the gel for excision. Isolated bands were placed in 20 l of ddH 2 0 and incubated overnight at 4ЊC. Ten microliters of a 1:50 dilution of supernatant was used as template for 100 l PCR reactions. Reaction products were concentrated using QIAQuick purification columns (Qiagen) and sequenced as described previously.
Genotyping
For the region flanking the microsatellite repeat array, sequence variation is referenced to the original clone sequence (GenBank accession #AF107030). A combination of polymorphisms is considered a flanking sequence haplotype. Genotype information for each allele at the Ots-2 locus consists of a flanking haplotype and a microsatellite repeat array ( fig. 1) . Discrepancies in the length of the microsatellite repeat array occurred for some individuals because of sequence stutter. As a result, clones from a problematic sample could contain multiple sequences for repeat size (e.g., 8-, 9-, 10-repeat units). In such cases, cloned DNA was reamplified using PCR, and repeat length was independently determined through standard polyacrylamide electrophoresis. If a haplotype could not be reliably determined for an allele it was discarded; because both alleles were not identified in all individuals, sample sizes are not necessarily even numbers.
Within-Population Analysis
The Ots-2 microsatellite frequencies obtained from winter, fall, and spring population samples were compared, using chi-square tests and F-statistics, with published data from Banks et al. (2000) . Published Ots-2 allele frequency data are not available for the Quesnel River population. A chi-square test for homogeneity between frequencies observed in this study and previously published frequencies was performed using pseudoprobability tests of significance (Zaykin and Pudovkin 1993) . In addition, a pseudoprobability test was used to compare microsatellite allele frequency profiles for a haplotype across all populations. To compare observed allele frequency profiles and data from Banks et al. (2000) , Wright's F-statistics were also calculated using the program Genetix version 4.0 (Belkhir et al. 2001) . Tests for random mating proportions of genotypes within samples (H-W-C equilibrium) were calculated for each locus (repeat array; SNP haplotype) using the program Genepop, version 3.1 (Raymond and Rousset 1995) . Linkage disequilibrium was measured using the program Genetix, version 4.0.
Between-Population Analysis
To obtain estimates of genetic differentiation between populations, statistics based on different mutation models, Wright's F-statistics and Slatkin's R ST were calculated. Wright's F-statistics, based on the IAM, were calculated using the program Genetix, version 4.0. Calculations were made using microsatellite allele frequencies and frequencies of flanking sequence haplotypes. Additionally, because each microsatellite has a known flanking sequence haplotype, a composite allele was generated combining information from both loci. The composite locus was used to evaluate homoplasy, the occurrence of the same sized microsatellite with different flanking haplotypes. F-statistics were calculated using the composite alleles, and the estimates derived from this no-homoplasy (at the resolution of the data) alternative were compared with the estimates calculated for the flanking and the microsatellite loci alone. The significance of estimates was assessed using 1,000 permutations in Genetix. A measure of population differentiation assuming an SMM R ST , was calculated using the program RST CALC, version 2.2 (Goodman 1997) . The estimate was calculated using only the microsatellite frequency data because the repeat array is the only locus that would be consistent with a stepwise model. All estimates were calculated using four population groupings, one using all four sample populations, one using only Central Valley stocks, one excluding winterrun, and one comparing fall and spring-run populations.
Results
Flanking Variation
Two SNPs and one insertion-deletion are observed among the 668 alleles sampled. Referenced to the original clone sequence (GenBank accession #AF107030), position 180 contains a C or T, position 323 contains a single base deletion (*) or T, and position 383 contains a C or G (see fig. 1 ). Five haplotype combinations of the three segregating sites are observed: (1) CTC, (2) C*C, (3) T*C, (4) T*G, and (5) TTC. Four haplotypes are possible, given the three polymorphic sites; hence, a rare back mutation or recombination event is required for the formation of a fifth haplotype. Although the flanking haplotypes are shared across all populations, the frequencies of the flanking sequence haplotypes differ among populations (table 1, parts a-d). Of the 199 winter-run fragments analyzed, 0.75 are haplotype-1, 0.17 are haplotype-2, 0.06 are haplotype-3, 0.01 are hap- 
Population Genetic Analysis-Within Population
The distributions of Ots-2 microsatellite alleles and the associations of each repeat size with flanking haplotype are shown in table 1, parts a-d, with relative twoway classification frequencies shown in figure 2. For example, the 7-repeat allele observed in the winter-run population has a frequency of 0.76, and a majority of those 7-repeat alleles are associated with flanking haplotype-1 (fig. 2) .
Microsatellite allelic diversity differs by haplotype, with haplotype-3 containing the largest number of microsatellite alleles, followed by haplotype-2 (table 2) . Disregarding run and pooling over all populations, the total number of microsatellite alleles observed in haplotypes 1-5 are 4, 6, 12, 4, and 3, respectively. Haplo- type-3 has the highest combined estimate of allele size variance (16.423) and heterozygosity (0.809) at the microsatellite (table 2) . Among populations, fall run has the largest number of microsatellite alleles, with haplotypes 1-5 having 4, 5, 10, 2, and 1 allele(s), respectively (table 2) . Allele size variance and heterozygosity are generally highest at the microsatellite in fall run (table 2). Banks et al. (2000) has previously reported Ots-2 microsatellite allele frequency distributions for the win- NOTE.-N is the number of microsatellite flanking sequence haplotypes determined; 2 , 95% confidence interval for the probability of homogeneity between observed microsatellite frequencies and data from Banks et al. (2000) ; F ST , Wright's F ST statistics comparing microsatellite allele frequency data from observed populations with published data from Banks et al. (2000) ; sat is the P value for random mating proportions at the microsatellite locus; flank is the P value for random mating proportions at the SNP haplotype; r is correlation coefficient from Genetix (Weir 1979); Prob. is probability of observed value. ter, fall, and spring populations. Our analysis uses a subset of individuals from Banks et al. (2000) , and the microsatellite allele frequencies obtained are statistically homogeneous with published results. Using a chi-square pseudoprobability test of significance, the 95% confidence intervals around probabilities of homogeneity between published and observed data are shown in table 3. The winter allele frequency profile is almost identical, the spring profile is marginally homogeneous by chisquare, and the fall allele frequency profile is not homogeneous by chi-square analysis. For the spring and fall data, the population subsample is sufficiently different from the larger data set published in Banks et al. (2000) that an additional comparison was made using F-statistics (table 3) . F ST -statistics shown in table 3 reveal that minimal population substructure exits when population samples from this study are compared with published population data from Banks et al. (2000) . No allele frequencies are published for the Ots-2 locus in the Quesnel River. The genotype frequencies at both loci are consistent with the H-W-C expectations (table 3) . Estimates of linkage disequilibrium at the Ots-2 locus show a strong association between microsatellite allele and flanking sequence haplotype (table 3) . Size homoplasy is inferred for most microsatellite alleles, with the 7-, 9-, 11-, 14-, 16-, 17-, 22-, 24-, and 25-repeat alleles being observed with two or more flanking haplotypes within a run (table 1, parts a-d).
Population Genetic Analysis-Between Populations
Estimates of population divergence calculated using F ST and R ST are shown in table 5 for the four population groupings. We estimated genetic divergence with and without winter run because the winter run is the most divergent population in the Central Valley (Banks et al. 2000) . F ST and R ST estimates within all groupings are similar to each other (table 5) . F ST estimates for the flanking locus are most similar to R ST for all the populations and Central Valley comparisons (table 5). The F ST estimates using the composite locus tend to be lower than the estimates for other loci. The F ST estimate for the composite locus and all populations is 0.224, a value lower than estimates made for the separate loci (table  5) .
A pseudoprobability chi-square test comparing the microsatellite allele distributions for each haplotype across populations presents a counterpoint to the observed between-population genetic differences at the Ots-2 microsatellite (table 4) . When all sample populations are included, the microsatellite allele frequency distributions by haplotype are not equivalent; however, when only the Central Valley populations are analyzed, haplotypes 3 and 4 have equivalent microsatellite frequency distributions (i.e., comparisons within haplotype are not significant in some cases). This contrasts markedly with the highly significant F ST ϭ 0.252 for the Ots-2 microsatellite locus by itself.
Discussion
We sought to resolve the paradox of how highly polymorphic microsatellite loci reveal population structure even though their mechanism of mutation should seemingly increase homoplasy and obscure allele frequency differentiation. Our study relies on the identification, in genetically divergent chinook salmon populations, of variation at a perfect, simple sequence microsatellite locus in the context of variation in the unique DNA sequence flanking the microsatellite. Studies of genetic diversity in chinook salmon consistently show Californian populations to be distinct from other North American salmon populations (Utter et al. 1989; Bartley et al. 1992; Ford 1998) . These same studies suggest that Canadian populations are the result of colonization from diverse groups of Oregon and Alaskan salmon. The inclusion in this study of widely divergent populations enables greater inference from patterns of microsatellite variation than would be possible using Californian chinook in isolation. Additionally, the SNP haplotypes flanking the pure repeat microsatellite are required to define the historical relationships among the microsatellite alleles. The concordance among microsatellite allele-frequency profiles observed from distinct sample populations may reflect a historical or remnant phylogenetic relationship that has not been removed by mutations at the microsatellite locus.
Although a single marker measures population divergence imprecisely, data from the Ots-2 microsatellite parallels information derived from all marker types. Ots-2 microsatellite data show winter run to be a genetic outlier in California (Banks et al. 2000) , and this result is corroborated by allozymes (Bartley et al. 1992; Winans and Teal, personal communication) , mtDNA (Niel- (Kim, Parker, and Hedrick 1999; Hedgecock et al. 2001) . In addition, microsatellite data from this study show Californian salmon populations to be more similar to each other than to the Quesnel population (Canada) (table 5). Although the Ots-2 microsatellite is highly polymorphic, the variation is structured by flanking haplotype. The associations between haplotype and microsatellite allele are strikingly conserved across sample populations ( fig. 2 ). Haplotype information from genetically distinct groups has led us to conclude that changes in microsatellite allele frequencies are caused by shifts in frequencies of contextual haplotypes and not by stepwise mutation in the repeat region. Recent work in human genetics also points to the importance of chromosomal haplotypes for resolving population structure (Rioux et al. 2001; Stephens et al. 2001) . That nonrandom structure exists in the data sets is not necessarily surprising; however, what is not expected is that data from all populations should differ from random association in the same way ( fig. 2) . For example, flanking haplotype-2 is the most frequent haplotype; yet, it most commonly occurs with the 9-repeat microsatellite, and flanking haplotype-1 is associated most commonly with repeat 7. The correlation of repeat size with haplotype class is also shown by the strong linkage disequilibrium observed in the data (table 3 and fig. 2 ). Additionally, if the total linkage disequilibrium estimate is partitioned into the contribution of each allele combination, there is an excess of large, rare microsatellite alleles in haplotype-3 and an excess of common, small microsatellite alleles in nonhaplotype-3 classes. This observation is associated with the greater diversity seen in haplotype-3, irrespective of haplotype frequency (table 2 and fig. 2 ). This pattern of variation is not expected under a rapid stepwise mutation process, which should rapidly generate microsatellite allelic diversity, filling in the gaps of the microsatellite profiles for each haplotype and homogenizing the microsatellite allele frequency profiles within each population (S. M. Blankenship et al., unpublished data) . This observation suggests that the microsatellite mutation rate is much slower than that expected, slower than changes in the frequencies of flanking haplotypes to which the Ots-2 microsatellite is linked.
Differences among populations are attributable primarily to differences in flanking haplotype frequencies. The correlation between microsatellite alleles and flanking haplotype, established by gametic disequilibrium, could explain how microsatellite markers produce concordant information with other marker types because population differentiation exists at the haplotype level. Conversely, populations are not different or are much more similar within a haplotype. For example, the microsatellite allele-frequency profiles at haplotype-3 are statistically equivalent among Californian populations (table 4 ). It appears possible that demographic effects (e.g., genetic bottleneck) alter the frequency of the flanking sequence haplotypes, which subsequently alter the microsatellite allele-frequency distributions. Demographic changes that alter flanking haplotype profiles could also account for the reduction in microsatellite allelic diversity observed in the winter and Quesnel populations (table 1, parts a and d). We need to invoke a combination of slow mutation at the microsatellite locus and genetic drift or selection at the level of flanking sequence haplotypes to explain the pattern of variation seen at Ots-2.
That most microsatellite alleles have multiple flanking sequences confirms homoplasy for size. Moreover, the pattern of homoplasy is the same within and among sampled populations, with homoplasy occurring at almost every allele. For example, allele 9 showed homoplasy in every study population; however, it most commonly occurred in haplotype-2 ( fig. 2 ). Other examples are 11-repeat and 17-repeat alleles, which show homoplasy in 3 of 4 sample populations but most commonly occur in haplotype-3. This observation would not have been possible without the use of SNPs flanking the microsatellite repeat array. The older flanking sequence haplotypes can be used to define the evolutionary relationships among the microsatellite alleles, given that the unique noncoding sequence has a mutation rate of approximately 1 ϫ 10 Ϫ9 per locus/generation (Li and Graur 1991) , several orders of magnitude slower than that of microsatellite repeat arrays. Homoplasy, the recurrence of same-size alleles in different haplotypes, clearly does occur within populations for simple sequence repeat loci.
Population analysis is not affected by homoplasy, however, because microsatellite allele-frequency profiles are not solely influenced by stepwise mutation. The slow mutation at the microsatellite creates linkage disequilibrium and counteracts homoplasy by confining microsatellite alleles to haplotypes. Perhaps lower levels of homoplasy present at the Ots-2 microsatellite due to linkage result in greater diagnostic power for the locus. Data presented in this study show that R ST and F ST give similar estimates of population divergence (table 5) , although the R ST value calculated for the population grouping that excluded the winter-run population is substantially higher than the F ST estimates. The within-population component of variance was large for the population grouping excluding winter run, which contributed to a high value for R ST even though the between-population component of variance was low in this grouping. Estimates of F ST may have been reduced by high withinpopulation heterozygosity (Hedrick 1999) . The composite locus, which had the highest observed heterozygosity, generally had lower genetic distance estimates.
Whether the pattern of variation seen at Ots-2 is typical for microsatellite loci remains to be seen in future studies of other loci. For example, Ots-2 is located on the pseudolinkage group Oii on the rainbow trout linkage map (Sakamoto et al. 2000) , where recombination may be reduced. If Ots-2 proves to be typical, then the usefulness of microsatellites for population genetics may come from associations with larger chromosomal fragments whose frequencies are responding more directly to demographic factors governing population differentiation. Microsatellites afford an easy entrée to genome variation and are clearly valuable for mapping and parentage studies; nevertheless, a shift toward SNPs in population genetics may provide a better insight into the evolution of populations below the species level.
